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Terahertz  quantum  cascade  laser  sources  based  on  intra-cavity  frequency  mixing  are  currently  the  only  monolithic 
electrically  pumped  semiconductor  devices  that  can  operate  in  the  1-6  THz  spectral  range  at  room  temperature.  The 
introduction  of  the  Cherenkov  waveguide  scheme  in  these  devices  grown  on  semi-insulating  InP  substrates  enabled 
generation  of  tens  of  microwatts  of  average  terahertz  power  output  and  wide  spectral  tunability.  However,  terahertz 
radiation  outcoupling  in  these  sources  is  still  highly  inefficient.  Here  we  demonstrate  that  an  application  of  the  III-V- 
on-silicon  hybrid  laser  concept  to  terahertz  quantum  cascade  laser  sources  based  on  Cherenkov  intra-cavity  difference- 
frequency  generation  dramatically  improves  their  output  power  and  mid-infrared-to-terahertz  conversion  efficiency. 
The  best-performing  device  transfer-printed  on  a  float-zone  high-resistivity  silicon  substrate  produced  270  |lW  of 
peak  power  output  at  3.5  THz  at  room  temperature,  a  factor  of  5  improvement  over  the  best  reference  devices 
on  a  native  semi-insulating  InP  substrate.  ©  2016  Optical  Society  of  America 

OC/S  codes:  (130.3120)  Integrated  optics  devices;  (140.5965)  Semiconductor  lasers,  quantum  cascade;  (190.5970)  Semiconductor 
nonlinear  optics  including  MQW. 
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1.  INTRODUCTION 

The  terahertz  (THz)  spectral  region,  spanning  from  0.3  to  10  THz, 
hosts  numerous  applications  including  chemical  and  biomedical 
sensing,  non-invasive  imaging  and  security  screening,  radio 
astronomy,  and  spectroscopy  [1,2] .  Highly  desired  for  THz  systems 
are  compact,  mass-producible  sources  with  room  temperature  op¬ 
eration,  electrical  pumping,  high  power,  and  wide  tunability.  THz 
quantum  cascade  lasers  (QCLs)  are  the  only  electrically  pumped 
semiconductor  lasers  that  can  operate  in  the  1-5  THz  spectral 
range  without  strong  magnetic  fields  [3] .  THz  QCLs  can  now  pro¬ 
duce  up  to  watt-level  peak  power  output  in  pulsed  mode  [4]  and 
tens  of  milliwatts  of  optical  power  in  continuous  wave  (CW)  op¬ 
eration.  However,  the  operation  of  THz  QCLs  is  still  limited  to 
cryogenic  temperatures  [5,6]. 

To  produce  THz  QCL  sources  operable  at  room  temperature,  a 
technology  based  on  intra-cavity  difference-frequency  generation 
(DFG)  in  mid-infrared  (mid-IR)  QCLs  has  been  proposed  and  de¬ 
veloped  [7].  These  THz  DFG-QCL  devices  have  active  regions  de¬ 
signed  to  provide  both  gain  for  mid-IR  pump  waves  and  giant 
second-order  nonlinearity  (x^)  for  THz  DFG  inside  of  the  laser  cav¬ 
ity  [8].  Since  THz  DFG  does  not  require  population  inversion  across 
the  THz  transition,  THz  DFG-QCLs  can  provide  coherent  THz 
emission  at  room  temperature  [9] .  THz  output  power  and  tunability 
of  THz  DFG-QCLs  have  been  remarkably  improved  in  recent  years 
after  the  implementation  of  the  Cherenkov  emission  scheme  [10]. 


Cherenkov  THz  DFG-QCLs  reported  so  far  use  a  semi- 
insulating  (SI)  InP  substrate.  SI  InP  possesses  higher  THz  refrac¬ 
tive  index  than  the  refractive  index  associated  with  the  THz 
nonlinear  polarization  wave  in  the  active  region.  As  a  result, 
THz  radiation  generated  in  the  active  region  is  emitted  into 
the  SI  InP  substrate  at  the  Cherenkov  angle  of  about  20- 
30  deg  [10].  The  SI  InP  substrate  has  substantially  lower  THz 
loss,  compared  to  the  QCL  active  region  and  allows  for  relatively 
efficient  extraction  of  THz  radiation  from  different  sections  of  the 
laser  waveguide.  Cherenkov  THz  DFG-QCLs  on  SI  InP  demon¬ 
strated  broadly  tunable  THz  emission  in  the  1-6  THz  range 
[1 1-15],  up  to  2  mW  of  THz  peak  power  output  in  pulsed  mode 
[16],  and  over  10  pW  of  THz  power  output  in  CW  operation  [17] 
at  room  temperature.  However,  simulations  show  that,  for  a  typical 
3-mm-long  THz  DFG-QCL  on  the  SI  InP  substrates,  over  80%  of 
THz  light  is  trapped  and  absorbed  in  the  substrate  due  to  signifi¬ 
cant  residual  THz  absorption  (see  Fig.  1),  and  the  relatively  high 
refractive  index  in  SI  InP  prevents  efficient  outcoupling  of  the  THz 
radiation  cone  from  the  front  facet. 

Here  we  demonstrate  that  an  application  of  the  III-V-on-silicon 
(III/V-on-Si)  hybrid  semiconductor  laser  concept  [18-20]  to 
Cherenkov  THz  DFG-QCLs  can  dramatically  improve  THz 
extraction  efficiency  in  these  devices.  Experimentally,  the  best¬ 
performing  4.2-mm-long  Cherenkov  THz  DFG-QCLs  transfer- 
printed  [21,22]  on  float-zone  high-resistivity  (FZ  HR)  Si  produced 
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THz  peak  power  output  of  up  to  270  pW  with  mid-IR-to-THz 
conversion  efficiency  of 480  pW /W2  at  3.5  THz  at  room  temper¬ 
ature.  The  THz  peak  power  was  5  times  higher  and  the  mid-IR-to- 
THz  conversion  efficiency  was  8  times  higher  than  those  of  the  best 
reference  devices  with  the  same  dimensions  on  the  SI  InP  substrate. 

2.  DESIGN 

Cherenkov  emission  occurs  in  THz  DFG-QCLs  when  the  propa¬ 
gation  vector  of  the  THz  radiation  in  the  device  substrate 
(fi>T Wzns/C’  where  ns  is  the  refractive  index  of  the  substrate)  is 
larger  than  the  propagation  vector  of  the  nonlinear  polarization 
wave  in  the  laser  active  region  (kDFG  =  &>THz ngl c ,  where  ng  is  the 
group  index  of  the  mid-IR  pumps  [10]).  Assuming  the  waveguide 
width  of  a  THz  DFG-QCL  is  comparable  to  or  smaller  than  the 
THz  wavelength,  Cherenkov  THz  emission  into  the  substrate  is  a 
cone  with  an  angle  6C ,  to  the  waveguide  direction,  defined  as 
6C  =  co s~l(ng/ns);  see  Fig.  2(a).  Since  the  mid-IR  group  index 
in  QCLs  shows  a  nearly  consistent  value  of  ~3.37  over  the  8— 
12  pm  [23],  any  substrate  with  a  THz  refractive  index  higher  than 
~3.37  can  fulfill  the  condition  of  Cherenkov  DFG  emission. 

The  SI  InP  substrate  is  typically  used  for  THz  DFG-QCLs 
because  high-performance  mid-IR  QCLs  with  InGaAs/AlInAs  ac¬ 
tive  regions  can  be  grown  on  InP.  However,  the  optical  properties 
of  SI  InP,  shown  in  Fig.  1,  are  not  perfectly  suited  for  Cherenkov 
THz  DFG.  In  particular,  SI  InP  has  relatively  high  THz  absorp¬ 
tion,  which  prevents  efficient  THz  extraction  from  the  laser  wave¬ 
guides  longer  than  1-2  mm.  Additionally,  SI  InP  has  the  relatively 
high  THz  refractive  index,  which  results  in  a  Cherenkov  cone 
angle  of  ~20  deg,  meaning  that  substrate  facet  polishing  is 
needed  to  avoid  total  internal  reflection  of  the  Cherenkov  wave 
and  allow  for  THz  outcoupling  to  free  space  [10].  The  substrates 
are  polished  as  a  wedge  at  20-30  deg.  This,  however,  enables  out- 
coupling  of  only  a  portion  of  the  radiation  in  the  center  of  the 
Cherenkov  cone.  Conical  substrate  polishing  may  improve  THz 
outcoupling  efficiency,  but  it  is  difficult  to  fabricate  in  practice. 

FZ  HR  Si  as  a  THz  DFG-QCL  substrate  provides  many  ad¬ 
vantages  over  the  SI  InP  substrate.  The  refractive  index  and  op¬ 
tical  loss  of  FZ  HR  Si  are  given  in  Fig.  1 .  The  THz  refractive 
index  of  Si  («Si  «  3.42)  is  well  matched  to  ng  and  is  nearly  con¬ 
stant  in  the  1-4.5  THz  range  and  beyond.  The  THz  Cherenkov 


Fig.  1.  Refractive  indices  and  absorption  coefficients  of  SI  InP  and  FZ 
HR  Si  in  the  THz  range. 


cone  angle  in  FZ  HR  Si  is  approximately  10°  across  the  entire 
THz  range.  As  a  result,  THz  outcoupling  through  the  flat- 
polished  substrate  facet  is  more  efficient  in  the  THz  DFG- 
QCLs  on  Si.  Moreover,  the  outcoupling  of  the  THz  Cherenkov 
wave  in  the  devices  on  Si  can  be  realized  without  facet  polishing 
since  the  Cherenkov  angle  in  Si  is  smaller  than  the  critical  angle  at 
the  Si-air  interface.  FZ  HR  Si  also  has  extremely  low  THz  absorp¬ 
tion,  which  allows  for  efficient  extraction  of  THz  radiation  in  THz 
DFG-QCLs  with  long  (5-10-mm-long)  waveguides. 

Figures  2(c)  and  2(d)  show  the  results  of  a  three-dimensional 
COMSOL  simulation  of  a  203-pm-long  section  of  a  Cherenkov 
THz  DFG-QCL  operating  at  3.5  THz  on  a  SI  InP  substrate 
[Fig.  2(c)]  and  a  FZ  HR  Si  substrate  [Fig.  2(d)].  The  nonlinear- 
polarization  sources  in  the  active  region  are  modeled  by  dipoles 
radiating  forward-propagating  waves  at  a  fixed  frequency  and  os¬ 
cillating  across  the  layers  (TM  mode).  Simulation  results  clearly 
show  the  different  THz  Cherenkov  cone  angles  for  the  devices 
on  Si  versus  InP,  as  predicted  earlier.  The  outcoupling  efficiency 
of  the  THz  radiation  through  the  uncoated  flat-polished  device 
facet  is  about  30%  and  45%  for  the  devices  on  the  InP  and  Si 
substrates,  respectively  (we  assumed  20  deg  polishing  for  InP  sub¬ 
strates  and  10  deg  polishing  for  Si  substrates). 

Figure  2(d)  displays  THz  power  of  a  3.5  THz  DFG-QCL  on 
SI  InP  versus  that  on  FZ  HR  Si  for  different  cavity  lengths.  The 
expected  power  output  from  longer  devices  (TTHz)  is  obtained  by 
scaling  the  COMSOL  simulation  results  for  203-pm-long  devices 
shown  in  Figs.  2(c)  and  2(d)  as 

PT Hz  =  f L C”  ^“"b*  C°S  (1) 

Jo 

where  rjext  and  70  are,  respectively,  the  outcoupling  efficiency  of 
the  Cherenkov  cone  through  the  facet  and  the  linear  power  den¬ 
sity  (W/m)  of  the  THz  Cherenkov  wave  emitted  from  the  laser 


Fig.  2.  Cherenkov  THz  DFG  emission  in  QCLs.  (a)  The  schematic  of 
the  Cherenkov  emission  in  a  DFG-THz  QCL.  (b)  The  ratio  of  THz 
power  of  the  Si-hybrid  device  to  THz  power  of  the  InP  reference  device 
at  different  cavity  lengths,  (c),  (d)  Three-dimensional  COMSOL  simu¬ 
lation  of  the  THz  power  intensity  outcoupled  from  the  (c)  SI  InP  device 
to  air  and  the  (d)  FZ  HR  Si  device  to  air.  The  yellow  lines  are  the  power 
streamlines  indicating  the  propagation  direction  of  THz  power  out- 
coupled  to  equal  points  on  the  air  monitor.  All  simulations  assume 
uniform  mid-IR  pumps  intensity  in  the  laser  cavity. 
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waveguide  into  the  substrate  as  determined  from  the  COMSOL 
simulations.  Also,  Zcav  is  the  laser  cavity  length,  and  asub  is  the 
absorption  coefficient  of  the  substrate. 

The  power  output  of  the  SI  InP  device  virtually  stops  increas¬ 
ing  after  the  length  of  the  laser  cavity  exceeds  the  absorption 
length  of  the  THz  radiation  in  the  SI  InP  substrate  (<1  mm 
in  3-5  THz  range;  see  Fig.  1).  In  contrast,  the  power  output 
of  the  hybrid  device  continuously  increases  with  the  cavity  length, 
owing  to  the  extremely  long  THz  absorption  length  (>5  cm)  in 
FZ  HR  Si. 

3.  FABRICATION 

To  verify  these  predictions  experimentally,  the  THz  DFG-QCL 
structure  was  grown  on  a  660-pm-thick  semi-insulating  InP  sub¬ 
strate  by  a  commercial  foundry  (IQE  Inc.).  The  active  region  of 
our  DFG-QCL  is  designed  based  on  the  bound- to-continuum  tran¬ 
sition  scheme  [24],  and  its  waveguide  structure  is  similar  to  that  of 
the  device  reported  in  Ref.  [11].  The  growth  started  with  a  200-nm- 
thickln0  53Ga0  47As  (Si:  1  x  1018  cm-3)  current  injection/etch-stop 
layer  followed  by  a  3-pm-thick  InP  (Si:  1.5  x  1016  cm'3)  cladding 
layer  and  a  200-nm-thick  In0  33Ga047As  (Si:  1.5  x  1016  cm-3) 
waveguide  layer.  Then,  two  25 -repetition  stacks  of  active  regions, 
the  bottom  one  designed  for  the  peak  gain  at  8.5  pm  and  the 
top  one  designed  for  the  peak  gain  at  9.5  pm,  were  grown  with 
In0  53Ga0  47As/In0  32 AI0  48 As  superlattices  doped  on  average  to 
5.2  x  10 16  cm-3.  The  layer  sequence  of  one  period  of  the  bottom 
active  region,  starting  from  the  exit  barrier,  is  41/18/7/55/9/53/11/ 
48/15/37/16/35/16/33/18/31/20/29/24/27/26/27/30/27,  and 
that  of  the  top  active  region  is  38/20/9/60/9/59/10/50/11/40/ 
15/34/15/33/16/30/19/30/23/31/25/32/29/30,  where  the  layer 
thickness  is  in  Angstrom,  and  the  bold  and  underlined  characters 
denote  the  In0  32Al048As  layers  and  doped  (Si:  3.4  x  17  cm-3) 
layers,  respectively.  The  active  regions  were  capped  with  a  300-nm- 
thickln0  33Ga0i47As  (Si:  1.5  x  10 16  cm-3)  waveguide  layer,  a  3-pm- 
thick  InP  (Si:  1.5  x  10 16  cm-3)  cladding  layer,  a  100-nm-thick 
InP  (Si:  2.0  x  10 18  cm-3)  contact  layer,  and  finally  a  10-nm-thick 
In0  33Ga0  47As  (Si:  1.0  x  1019  cm-3)  capping  layer. 

The  laser  gain  of  the  processed  Fabry-Perot  devices  was  deter¬ 
mined  to  peak  around  9-10  pm,  slightly  shifted  from  the  design 
position  of  8. 5-9. 5  pm.  A  15  mm  by  20  mm  section  of  the  wafer 
was  then  processed  into  distributed  feedback  (DFB)  lasers  with  the 
side  current  injection  scheme  [10]  following  conventional  dry- 
etched  ridge  waveguide  fabrication  steps.  The  first-order  surface 
gratings  with  two  sections  for  selecting  two  mid-IR  pump  frequen¬ 
cies  were  formed  using  electron-beam  lithography  and  dry  etching. 
The  grating  pitches  for  the  9.02  pm  short  wavelength  (2short)  and 
the  10.08  pm  long  (2jong)  wavelength  pumps  are  1.408  and 
1.584  pm,  respectively.  The  completely  processed  wafer  die  was 
cleaved  into  two  sections,  one  for  the  characterization  of  the  refer¬ 
ence  devices  on  the  InP  substrate  and  the  other  for  transfer  to  Si. 

Figure  3  shows  the  transfer-printing  process  developed  for  our 
Si-hybrid  DFG-QCL.  The  processed  wafer  was  first  coated  with 
SU-8  epoxy  resin  (MicroChem  Corp.)  and  50-pm-wide  8-pm-tall 
supporting  elements  next  to  each  ridge  were  defined  lithographi¬ 
cally  in  order  to  prevent  epi-layer  damage  during  the  bonding 
process.  The  wafer  was  then  attached  to  a  glass  slide  with  laser 
ridges  facing  the  glass  using  crystal  glue  (Crystalbond  509). 
The  InP  substrate  was  then  selectively  removed  using  an  HC1- 
based  wet  etchant  with  the  InGaAs  current  injection  layer  used 
as  an  etch  stop.  The  exposed  surface  of  the  current  injection  layer 
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Fig.  3.  Transfer-printing  process,  (a)  Fully  processed  QCL  on  InP. 
(b)  SU-8  supporting  elements  are  formed,  (c)  Devices  with  the  SU-8  sup¬ 
porting  elements  are  bonded  on  a  piece  of  a  glass  slide  with  crystal  glue, 
(d)  The  InP  substrate  is  removed,  (e)  The  QCL  is  bonded  to  a  Si  substrate 
with  SU-8  adhesive,  (f)  The  glass  slide  and  crystal  glue  are  removed. 


was  then  bonded  to  a  1-mm-thick  FZ  HR  Si  wafer  coated  with  a 
100-nm-thick  SU-8  layer.  The  bonding  was  performed  in  the  AML 
wafer  bonding  machine  at  a  pressure  of  1  MPa  and  a  temperature 
of  180°C  for  15  min.  Under  these  conditions,  the  SU-8  layer  was 
cured,  leaving  a  strong  permanent  bond.  Finally,  the  glass  slide  was 
removed  by  dissolving  the  crystal  glue  with  acetone,  and  the  hybrid 
QCL-on-Si  wafer  was  diced  into  laser  bars  using  a  dicing  saw.  The 
front  facets  of  the  Si-hybrid  and  reference  InP  devices  were  polished 
in  15°  and  30°,  respectively,  to  outcouple  THz  Cherenkov  emission 
in  the  direction  parallel  to  the  laser  cavity. 

We  note  that  the  transfer-printing  of  the  QCL  reported  here  al¬ 
lows  for  transferring  completely  processed  devices,  including  buried 
hetero-structure  lasers,  to  virtually  any  substrate.  Our  method  is 
applicable  to  any  QCLs  and  may,  in  particular,  be  used  to  produce 
III— V /Si  hybrid  QCLs  for  mid-IR  photonic  integrated  circuits  [20]. 

Figure  4  shows  the  cross-section  scanning  electron  microscopy  im¬ 
ages  of  the  devices  on  InP  and  Si  substrates.  No  visible  defects  at  the 
bonding  interface  are  observed,  and  the  transferred  devices  were 


Research  Article 


Vol.  4,  No.  1  /  January  2017  /  Optica  41 


mechanically  robust  and  operated  with  high  yield,  indicating  good 
bonding  quality.  The  somewhat  roughened  surface  of  the  facet  of 
the  QCL-on-Si  originates  from  the  dicing  process.  The  thickness 
of  the  SU-8  bonding  layer  is  estimated  to  be  100  nm  from  the  images 
in  Fig.  4.  According  to  our  simulations,  a  100-nm-thick  SU-8  layer 
transmits  about  90%  of  the  Cherenkov  THz  DFG  into  the  Si  sub¬ 
strate,  compared  to  the  device  without  the  adhesion  layer  simulated  in 
Fig.  2(d).  The  refractive  index  of  SU-8  (/2Su-8  —  T7  +  /  x  0.0355) 
in  the  THz  range  is  estimated  from  Ref.  [25]. 

Devices  were  indium-soldered  to  copper  blocks  in  the  episide- 
up  direction  and  wire  bonded.  The  mid-IR  power  output  was 
measured  using  a  thermopile  detector  with  a  metal  pipe,  while 
the  TFiz  power  output  was  measured  using  a  two  parabolic  mirror 
setup  and  a  liquid  helium  cooled  Si  bolometer.  Both  mid-IR  and 
TFiz  data  were  not  corrected  for  collection  efficiency.  A  long-pass 
filter  with  cut-on  frequency  of  1000  cm-1  was  used  to  separate 
the  two  mid-IR  pump  powers.  The  spectra  were  measured  using 
a  Fourier  transform  infrared  spectrometer  equipped  with  a  deu- 
terated  triglycine  sulfate  detector  (for  mid-IR  measurements)  or 
the  Si  bolometer  (for  TFiz  measurements).  Devices  were  driven  in 
pulsed  mode  using  40  ns  current  pulses  at  1 5  kFiz  repetition  fre¬ 
quency  at  20°C  of  a  heat  sink  temperature. 

4.  CHARACTERIZATION 

Figure  5  displays  the  mid-IR  and  TFiz  spectra  measured  from  the 
hybrid  DFG-QCL-on-Si  device.  Stable  dual  single-mode  opera¬ 
tion  with  peak  wavelengths  of  994  and  1110  cm-1  is  obtained. 
The  peak  positions  of  the  mid-IR  pumps  are  identical  for  devices 
on  Si  and  InP.  TFiz  emission  of  both  devices  is  at  3.48  TFiz,  in 
agreement  with  the  frequency  separation  of  the  mid-IR  pumps. 

Figure  6(a)  shows  the  mid-IR  power  output  for  each  pump.  To 
compare  the  performance  of  the  InP  and  Si  devices,  a  best¬ 
performing  device  of  each  type  with  the  identical  dimensions 
(22  pm  width  and  4.2  mm  cavity  length)  was  selected  for  com¬ 
parison.  Both  devices  show  nearly  the  same  threshold  current  of 
4.5  A  for  the  short  wavelength  pump,  while  the  long  wavelength 
pump  of  the  hybrid  device  starts  lasing  at  6.5  A.  The  threshold 
and  power  balance  of  the  mid-IR  pumps  largely  depends  on  the 
position  of  the  cleaved  laser  facet  relative  to  the  DFB  grating  [26] 
and  is  difficult  to  control.  Because  of  the  gain  competition 


Wavenumber  (cm'1) 

Fig.  5.  Emission  spectra.  Mid-IR  (top)  and  THz  (bottom)  spectra  of 
the  Si-hybrid  device  (22  pm  width  and  4.2  mm  length)  biased  under 
pulsed  current  (15  kHz  repetition  rate  and  40  ns  pulse  width)  at  20°C. 


Current  density  (kA/cm2) 


Fig.  6.  Room-temperature  device  performance,  (a)  Mid-IR  light- 
current-voltage  characteristic  of  the  InP  device  (left)  and  the  Si  device 
(right)  operated  in  pulsed  mode  at  20°C.  The  blue,  red,  and  black  in¬ 
dicate  the  long  wavelength  pump  (2jong),  the  short  wavelength  pump 
WshortT  and  the  device  voltage,  respectively,  (b)  THz  power  output  (blue 
squares)  and  the  mid-IR-to-THz  conversion  efficiency  (red  circles)  of  the 
InP  device  (open  symbols)  and  the  Si  device  (closed  symbols). 


between  mid-IR  modes,  small  differences  in  the  feedback  may 
result  in  a  large  difference  in  the  threshold  currents  for  the 
two  mid-IR  pumps  [14,15,23].  Similarly  strong  variations  in 
the  threshold  gain  of  the  two  mid-IR  pumps  were  observed  in 
devices  on  InP  substrates  (not  shown  in  the  paper).  Overall, 
the  performance  of  the  Si-transferred  devices  was  similar  to  that 
on  InP  for  pulsed  operation  used  in  this  work.  For  pulsed  oper¬ 
ation  with  higher  duty  cycles  and  continuous-wave  operation,  the 
Si-transferred  devices  will  need  to  be  operated  in  the  episide-down 
configuration  to  avoid  inefficient  heat  removal  through  the  bond¬ 
ing  interface. 

The  bias  voltage  of  the  Si  device  is  about  5  V  higher  than  that 
of  the  InP  device,  likely  due  to  the  reduced  thickness  of  the  cur¬ 
rent  injection  layer  during  substrate  etching,  which  can  be  over¬ 
come  in  the  future  by  using  a  thicker  current  injection  layer. 

THz  peak  power  and  the  mid-IR-to-THz  conversion  effi¬ 
ciency  of  both  devices  are  plotted  together  in  Fig.  6(b)  as  func¬ 
tions  of  pump  current.  THz  power  of  the  device  on  the  InP 
substrate  is  as  high  as  50  pW  with  conversion  efficiency  of 
60  pW/W2,  while  that  of  the  device  on  the  Si  substrate  reaches 
to  270  pW  with  efficiency  of  480  pW /W2  at  the  maximum  bias 
current,  resulting  in  a  factor  of  5  improvement  in  THz  power  and 
a  factor  of  8  improvement  in  the  conversion  efficiency.  The  power 
improvement  is  in  excellent  agreement  with  the  simulation  result, 
shown  in  Fig.  2(c).  The  ratio  of  the  THz  power  of  the  hybrid 
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Table  1.  THz  DFG-QCL  Device  Performance  at  10  A  of 
Pump  Current9 


Device 

;/slope-THz  (|lW/A) 

THz  Power  (pW) 

»/conv  (mW/W2) 

InP  1 

6.9 

35.2 

0.13 

InP  2 

7.8 

26.5 

0.05 

Si  1 

54.3 

123.3 

0.79 

Si  2 

44.4 

113.8 

0.37 

Si  3 

47.1 

146.9 

0.58 

"All  devices  were  22-|im-wide  and  4.2-mm-long  ridge-waveguide  lasers  with 
identical  DFB  grating  design  described  in  the  text.  The  parameters  ^siope-THz 
and  yjcom  indicate  the  slope  efficiency  of  the  THz  power  output  and  the 
mid-IR-to-THz  conversion  efficiency,  respectively. 


device  to  that  of  the  reference  device  remains  nearly  constant  over 
the  measured  current  range. 

It  should  be  noted  that  the  intensity  distribution  of  the  mid-IR 
pumps  in  the  laser  cavity  may  vary  significantly  between  samples, 
depending  on  the  position  of  the  cleaved  laser  facet  relative  to  the 
DFB  grating,  as  discussed  in  Ref.  [27].  Therefore,  the  mid-IR-to- 
THz  conversion  efficiency  (defined  as  the  ratio  of  the  THz  power 
output  to  the  product  of  the  powers  of  the  two  mid-IR  pumps 
emitted  from  the  front  facet  of  the  laser  [5,7])  may  vary  signifi¬ 
cantly  from  device  to  device.  Table  1  lists  the  testing  results  of  two 
devices  on  the  InP  substrate  and  three  devices  on  the  Si  substrate. 
Their  dimensions  and  the  substrate  polishing  angles  were  iden¬ 
tical  to  those  described  earlier.  The  results  show  that  Si  devices 
have  consistently  produced  3-6  times  higher  THz  power  output, 
compared  to  InP  devices.  The  mid-IR-to-THz  conversion  effi¬ 
ciency  of  the  tested  Si  devices  was  3-16  times  higher  than  that 
of  the  InP  devices. 

As  discussed  earlier,  the  Cherenkov  wave  in  THz  DFG-QCLs 
on  Si  can  be  outcoupled  without  facet  polishing.  Si  devices 
with  no  facet  polishing  were  tested  in  pulsed  mode  under  the  bias 


Fig.  7.  Performance  of  the  unpolished  Si  device.  (Top)  Mid-IR  light- 
current-voltage  characteristic  of  the  22  pm  wide  and  4.2  mm  long  device 
operated  in  pulsed  mode  at  20°C.  The  blue,  red,  and  black  indicate  the 
long  wavelength  pump  (2iong),  the  short  wavelength  pump  (2short),  and 
the  device  voltage,  respectively.  (Bottom)  THz  power  (blue  squares) 
and  the  mid-IR-to-THz  conversion  efficiency  (red  circles)  of  the  device 
under  the  same  operating  conditions.  The  inset  displays  the  simulated 
magnetic  field  (Hz)  of  the  THz  output  of  the  device.  THz  radiation 
is  out-coupled  from  the  facet  at  an  angle  of  approximately  40°. 


conditions  described  earlier.  The  power  output  was  directed  to  the 
optical  collection  system  by  rotating  the  device  by  about  40°  (see 
the  inset  of  Fig.  7  for  the  simulated  far- field  emission  of  this  de¬ 
vice).  The  device  performance  was  overall  similar  to  that  of  the 
DFG-QCL  with  the  polished  Si  substrate  reported  in  Fig.  6. 

Figure  8  shows  the  measured  and  calculated  far- field  profiles 
along  the  vertical  direction  of  the  Si  and  InP  devices.  The  profiles 
were  obtained  by  scanning  the  Si  bolometer  at  a  distance  of  10  cm 
from  the  laser  facet,  as  shown  in  the  inset  of  Fig.  8(c).  All  devices 
show  the  far-field  profile  in  the  vertical  direction  close  to  a 
Gaussian  shape  with  peak  positions  at  35°  for  the  unpolished 
Si  device,  -2.5°  for  the  polished  Si  device,  and  -6°  for  the  InP 
device.  The  peak  positions  are  in  excellent  agreement  with  sim¬ 
ulations,  assuming  the  mid-IR  group  index  of  3.37.  Further  in¬ 
spection  shows  that  the  full  width  at  half-maximum  (FWHM) 
values  of  the  devices  range  from  9°  to  17°. 

The  measured  vertical  far-field  profiles  of  the  THz  emission 
are  displayed  together  with  the  calculated  profiles  (shown  in 
Fig.  8  in  blue)  based  on  the  Fraunhofer  approximation, 
1(0)  oc  |  U (x)elkrHz  sm  0xdx\2,  where  £THz  is  the  THz  wave 

vector  in  free  space,  Wa  is  the  effective  aperture  width,  and  U (x) 
is  the  distribution  of  the  Cherenkov  radiation  field  intensity  along 
the  transverse  direction,  x.  [28]  The  values  of  W  a  and  U (x)  were 
determined  by  considering  the  cavity  length  of  the  device,  the 
Cherenkov  angle,  the  facet  polishing  angle,  the  substrate  thick¬ 
ness,  and  the  substrate  loss.  The  FWHM  values  of  the  measured 
and  simulated  profiles  are  indicated  in  Fig.  8.  The  measured  far 
field  of  the  InP  device  shows  excellent  agreement  with  the  simu¬ 
lated  one,  while  those  Si  devices  show  2.5  times  larger  beam 


Angle  (degree) 


Fig.  8.  Slow  axis  far  fields  of  (a)  the  unpolished  Si  device,  (b)  the  pol¬ 
ished  (15°)  Si  device  and  (c)  the  polished  (30°)  InP  device.  The  open 
circles  and  solid  lines  indicate  the  measured  and  calculated  results,  respec¬ 
tively.  The  reference  angle  (0°)  is  defined  as  the  beam  direction  parallel  to 
the  laser  cavity.  The  polarity  of  the  angle  is  described  in  the  inset. 
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widths  than  the  simulated  one.  The  discrepancy  between  theory 
and  experiment  could  be  due  to  the  imperfections  in  the  device 
dicing  and  substrate  polishing,  small  variation  in  the  mid-IR 
group  index  along  the  laser  cavity  length  due  to  ridge  width 
roughness,  and  the  non-uniform  intensity  distribution  of  the 
mid-IR  pumps  along  the  laser  cavity,  which  affects  the  THz 
near-field  profile  at  the  substrate  facet.  The  THz  light  scattering 
at  the  bonding  interface  might  also  be  one  of  the  reasons  for  the 
observed  discrepancy.  However,  we  did  not  observe  any  evidence 
of  voids  or  non-uniformities  in  the  bonding  layer  in  our  devices. 

5.  CONCLUSION 

We  have  demonstrated  that  the  use  of  FZ  HR  Si  substrates  instead 
of  SI  InP  substrates  in  THz  DFG-QCLs  results  in  a  dramatic 
improvement  in  THz  power  output  and  mid-IR-to-THz  conver¬ 
sion  efficiency  in  these  devices.  Experimentally,  22-pm-wide  and 
4.2-mm-long  ridge-waveguide  THz  DFG-QCLs  transfer-printed 
on  FZ  HR  Si  produced  peak  THz  power  output  of  270  pW  with 
mid-IR-to-THz  conversion  efficiency  of  480  pW/W2,  while  the 
reference  InP  device  with  the  same  dimensions  produced  50  pW 
with  conversion  efficiency  of  60  pW/W2  at  the  maximum  bias 
current.  The  transfer-printing  method  of  QCLs  onto  foreign  sub¬ 
strates  described  in  this  work  is  also  expected  to  be  useful  for  the 
creation  of  photonic  integrated  circuits  of  different  functionalities 
in  the  mid-IR  and  THz  spectral  regions. 
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